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(57) ABSTRACT 

A system and method for assessing thermal comfort in an 
enclosure is disclosed. In one embodiment, a method includes 
performing a numerical analysis on a calibration enclosure 
including a thermal manikin in a uniform thermal environ 
ment to obtain a Surface heat transfer coefficient (h) for 
each body part of the thermal manikin. The method also 
includes performing a numerical analysis on an enclosure 
including one or more thermal manikins in a non-uniform 
thermal environment to obtain a total heat flux (d") for each 
body part of the one or more thermal manikins. The method 
further includes computing an equivalent temperature (t) of 
each body part of the one or more thermal manikins using the 
obtained associated h, the obtained associated q", and an 
associated surface temperature of the body part. Furthermore, 
the method includes evaluating thermal comfort in the enclo 
sure based on each computed t 
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PERFORMANUMERICAL ANALYSIS ON ACALIBRATION 
ENCLOSURE HAVING A UNIFORM THERMAL ENVIRONMENT AND 

INCLUDING ATHERMAL MANIKIN USING A GIVEN SET OF 
BOUNDARY CONDITIONS FOR THE UNIFORM THERMAL 

ENVIRONMENT IN A COMPUTING DEVICE TO OBTAINA SURFACE 
HEAT TRANSFER COEFFICIENT (ha) FOREACH BODY PART OF 

THE THERMAL MANIKIN 

52O 

PERFORMANUMERICAL ANALYSIS ON AN ENCLOSURE HAVING A 
NON-UNIFORM THERMAL ENVIRONMENT INCLUDING ONE OR 
MORE THERMAL MANIKINS USING ASET OF BOUNDARY 

CONDITIONS FOR THENON-UNIFORM THERMAL ENVIRONMENT 
TO OBTAINATOTAL HEAT FLUXLOSS (q") FOREACH BODY 

PART OF THE ONE OR MORE THERMAL MANIKINS 

530 

COMPUTE AN EQUIVALENT TEMPERATURE (t) OF EACH BODY 
PART OF THE ONE OR MORE THERMAL MANIKINS IN THENON 
UNIFORM THERMAL ENVIRONMENT USING THE OBTANED 
ASSOCIATED heal, THE OBTAINED ASSOCIATED q", AND AN 
ASSOCIATED SURFACE TEMPERATURE OF THE BODY PART 

EVALUATE THERMAL COMFORT BASED ON THE COMPUTED tec OF 
EACH BODY PART 
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SYSTEMAND METHOD FOR 
NUMERICALLY EVALUATING THERMAL 
COMFORT INSIDE AN ENCLOSURE 

RELATED APPLICATIONS 

Benefit is claimed under 35 U.S.C. 119(a)-(d) to India 
Non-Provisional application with Serial No. 1665/CHF/2009 
entitled SYSTEMAND METHOD FOR NUMERICALLY 
EVALUATING THERMAL COMFORT INSIDE AN 
ENCLOSURE' by Airbus Engineering Centre India and Air 
bus Operations GmbH filed on 14 Jul., 2009, which is herein 
incorporated in its entirety by reference for all purposes. 

FIELD OF TECHNOLOGY 

The present invention relates generally to numerical simu 
lations, and more particularly relates to numerical simula 
tions to evaluate thermal comfort inside an enclosure. 

BACKGROUND 

Typically, a thermal environment inside an enclosure, Such 
as a building, a vehicle or a cockpit of an aircraft, largely 
depends on parameters such as Velocities, temperatures inside 
the enclosure, Solar irradiation incident through a window 
glass and the like. For assessing thermal comfort inside an 
enclosure, it is necessary to evaluate the influence of the 
above-mentioned parameters on thermal sensation that an 
occupant actually feels inside the enclosure. Traditionally, 
thermal comfort assessment is performed through a predicted 
mean vote (PMV) approach as outlined in international orga 
nization for standardization (ISO) 7730 standards. 

However, drawbacks with the PMV approach are that it is 
typically applicable under uniform and homogeneous condi 
tions and it depends very much on empirical correlations 
which are based on various parameters (e.g., Velocity, tem 
perature, etc.). In Summary, using the PMV approach in non 
uniform thermal environmental conditions (that typically 
exist in aircrafts, vehicles and the like due to air velocity, 
differences between air and wall temperature and solar irra 
diation) may lead to incorrect prediction of the thermal com 
fort assessment. 

Another conventional approach based on equivalent tem 
perature (t), as outlined in ISO 14505-2 standards, is an 
integrated measure of the effects of non-evaporative (dry) 
heat loss from a body of an occupant. The equivalent tem 
perature (t) refers to a temperature of an imaginary enclo 
Sure having a mean radiant temperature equal to an air tem 
perature and still air in which an occupant has the same heat 
exchange rate by convection and radiation as in the actual 
conditions. As outlined in the ISO 14505-2 standards, t is 
typically calculated either using an empirical formula or 
through experiments. However, using the empirical formula 
may not be sensitive to changes in the physical parameters 
around the occupant inside the enclosure and may not yield 
actual t of the body of the occupant. Also, calculating t 
experimentally requires using thermal manikins (e.g., 
dummy dolls for reproducing thermal characteristics of occu 
pants) and this may often be limited by cost, time and accurate 
representations of the actual conditions inside the enclosure. 

SUMMARY 

A system and method for numerically evaluating thermal 
comfort in an enclosure is disclosed. According to an aspect 
of the present invention, a method, implemented in a comput 
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2 
ing device, for numerically evaluating thermal comfort in an 
enclosure having a non-uniform thermal environment, 
includes performing a numerical analysis on a calibration 
enclosure including a thermal manikin in a uniform thermal 
environment based on a given set of boundary conditions for 
the uniform thermal environment using a numerical analysis 
tool in the computing device to obtain a Surface heat transfer 
coefficient (h) for each body part of the thermal manikin. 
The method also includes performing a numerical analysis 

on the enclosure including one or more thermal manikins in 
the non-uniform thermal environment based on a set of 
boundary conditions for the non-uniform thermal environ 
ment using the numerical analysis tool to obtain a total heat 
flux (q") for each body part of the one or more thermal 
manikins. Further, the method includes computing an equiva 
lent temperature (t) of each body part of the one or more 
thermal manikins in the non-uniform thermal environment 
based on the obtained h, the obtained q", and an associated 
Surface temperature of the body part using a numerical ther 
mal comfort analysis module in the computing device. More 
over, the method includes evaluating thermal comfort in the 
enclosure based on the computed t of each body part using 
the numerical thermal comfort analysis module. 

According to another aspect of the present invention, an 
article includes a storage medium having instructions, that 
when executed by a computing device, result in execution of 
the method described above. 

According to yet another aspect of present invention, a 
system for numerically evaluating thermal comfort in an 
enclosure having a non-uniform thermal environment 
includes multiple client devices, a computer network, and a 
remote server coupled to the multiple client devices via the 
computer network. The remote server includes a processor 
and memory. The memory includes a numerical analysis tool 
and a numerical thermal comfort analysis module. One of the 
client devices accesses the numerical analysis tool via the 
computer network and performs a numerical analysis on a 
calibration enclosure including a thermal manikin in a uni 
form thermal environment using a given set of boundary 
conditions for the uniform thermal environment to obtain a 
surface heat transfer coefficient (h) for each body part of 
the thermal manikin. 
The one of the client devices using the numerical analysis 

tool further performs a numerical analysis on the enclosure 
including one or more thermal manikins in the non-uniform 
thermal environment using a set of boundary conditions for 
the non-uniform thermal environment to obtain a total heat 
flux (q") for each body part of the one or more thermal 
manikins. Then, the processor using the numerical thermal 
comfortanalysis module computes an equivalent temperature 
(t) of each body part of the one or more thermal manikins in 
the non-uniform thermal environment using the obtained h, 
the obtained q", and an associated surface temperature of the 
body part. Additionally, the processor using the numerical 
thermal comfort analysis module evaluates the thermal com 
fort in the enclosure based on each computedt, and outputs 
results of the evaluation on a display device of the one of the 
client devices. 
The methods, systems and apparatuses disclosed herein 

may be implemented in any means for achieving various 
aspects, and other features will be apparent from the accom 
panying drawings and from the detailed description that fol 
low. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various preferred embodiments are described herein with 
reference to the drawings, wherein: 
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FIG. 1 illustrates a schematic representation of a compari 
Son of a non-uniform thermal environment with a uniform 
thermal environment having same total dry heat loss using an 
equivalent temperature (t) approach, according to an 
embodiment of the invention. 

FIG. 2 illustrates a schematic diagram of a calibration 
enclosure including a thermal manikin, according to an 
embodiment of the invention. 

FIG. 3 illustrates a schematic diagram of an enclosure 
including thermal manikins, according to an embodiment of 
the invention. 

FIGS. 4A and 4B illustrate an exemplary thermal comfort 
assessment of an enclosure using thermal comfort diagrams 
with Solar load and no Solar load configurations for the enclo 
SUC. 

FIG. 5 illustrates a process flowchart of an exemplary 
method of numerically evaluating thermal comfort inside an 
enclosure having a non-uniform thermal environment, 
according to an embodiment of the invention. 

FIG. 6 is a diagrammatic system view of a data processing 
system in which any of the embodiments disclosed herein 
may be performed, according to an embodiment of the inven 
tion. 

The drawings described herein are for illustration purposes 
only and are not intended to limit the scope of the present 
disclosure in any way. 

DETAILED DESCRIPTION 

A system and method for numerically evaluating thermal 
comfort inside an enclosure is disclosed. In the following 
detailed description of the embodiments of the invention, 
reference is made to the accompanying drawings that form a 
part hereof, and in which are shown by way of illustration 
specific embodiments in which the invention may be prac 
ticed. These embodiments are described in sufficient detail to 
enable those skilled in the art to practice the invention, and it 
is to be understood that other embodiments may be utilized 
and that changes may be made without departing from the 
scope of the present invention. The following detailed 
description is, therefore, not to be taken in a limiting sense, 
and the scope of the present invention is defined only by the 
appended claims. 

In the document, the term “calibration enclosure” refers to 
an enclosure to be calibrated. The terms “uniform thermal 
environment' and "homogeneous environment” are used 
interchangeably throughout the document. Also, the terms 
“non-uniform thermal environment”, “actual environment’ 
and “non-homogeneous environment are used interchange 
ably throughout the document. Further, the terms “computer 
network” and “network” are used interchangeably through 
out the document. Furthermore, the terms “total dry heat loss” 
and “total heat flux' are used interchangeably throughout the 
document. 

FIG. 1 illustrates a schematic representation 100 of a com 
parison of a non-uniform thermal environment 110 with a 
uniform thermal environment 120 having same total dry heat 
loss using an equivalent temperature (t) approach, accord 
ing to an embodiment of the invention. The non-uniform 
thermal environment 110 is an actual environment inside an 
enclosure which is influenced by parameters such as air 
Velocities, temperatures inside the enclosure, and Solar irra 
diation. Whereas, the uniform thermal environment 120 is an 
environment inside an imaginary enclosure in which air 
Velocity is approximately equal to Zero (vs0 m/s), tempera 
tures inside the enclosure are constant and which is not 
exposed to Solar irradiation. 
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4 
In the tapproach, it is assumed that total dry heat loss 

(R+C) from an occupant is equal in both the non-homoge 
neous environment 110 and the homogeneous environment 
120. The total dry heat loss is calculated according to the 
formula: 

where, R is the radiative heat loss, C is the convective heat 
loss, t, is the ambient air temperature (in C./K), tis the mean 
radiant temperature of the uniform thermal environment and 
the non-uniform thermal environment (in C./K), t is the 
Surface temperature of the occupant (e.g., 34° C. as per 
Human Thermoregulatory System), h is the convective heat 
transfer coefficient (in W/m C.), and his the radiative heat 
transfer coefficient (in W/m C.). 

Further, an equivalent temperature (t) is defined as a 
temperature of the uniform thermal environment 120 with the 
mean radiant temperature (t) equal to the ambient air tem 
perature (t) and still air in which the occupant has the same 
heat exchange by convection and radiation as in the non 
uniform thermal environment 110. Thus, by definition oft 
the equation for total dry heat loss in the uniform thermal 
environment 120 can be written as: 

solving for t, using the above-mentioned equations, 
yields: 

R - C 

h, + he 
h, i+ hit 
--- 

ég h, + he = 1 - 

Based on the above, the present invention provides a 
method to numerically evaluate thermal comfort in an enclo 
Sure having a non-homogeneous environment. Further, the 
method and system for evaluating the thermal comfort in the 
enclosure having the non-homogeneous environment is 
described in the description that follows. 

FIG. 2 illustrates a schematic diagram 200 of a calibration 
enclosure 210 including a thermal manikin 220, according to 
an embodiment of the invention. Particularly, FIG. 2 shows 
the calibration enclosure 210 including the thermal manikin 
220 with a uniform thermal environment (e.g., the uniform 
thermal environment 120 of FIG. 1). In one embodiment, a 
computational mesh for the calibration enclosure 210 includ 
ing the thermal manikin 220 is formed by generating a plu 
rality of cells, where each cell includes multiple nodes. For 
example, the computational mesh may be a 2D computational 
mesh or a 3D computational mesh. Further, the 2D/3D com 
putational mesh may be structured, unstructured, or hybrid in 
type. It is appreciated that, the hybrid computational mesh is 
a combination of the structured computational mesh and the 
unstructured computational mesh. 
The thermal manikin 220 inside the calibration chamber 

210 is a dummy doll formed for reproducing thermal charac 
teristics of an occupant. The thermal manikin 220 is segre 
gated into various body parts Substantially simultaneously to 
the formation of the calibration enclosure 210. In one 
embodiment, the segregation of the thermal manikin 220 into 
various body parts is performed based on a desired thermal 
comfort resolution. Exemplary body parts of the thermal 
manikin 220 may include lower left arm, lower right arm, 
upper left arm, upper right arm, left calf, right calf, left thigh, 
right thigh, chest, face, left foot, rightfoot, left hand, and right 
hand. 

In some embodiments, a numerical analysis is performed 
on the computational mesh to obtain fluid flow and heat 
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transfer parameters for each cell of the calibration enclosure 
210. In these embodiments, the numerical analysis is per 
formed based on a given set of boundary conditions for the 
uniform thermal environment. Exemplary parameters that 
define the given set of boundary conditions include inlet S 
parameters, thermal manikin body Surface parameter, enclo 
Sure wall parameters, thermal manikin clothing parameters 
and outlet parameters. 
The inlet parameters may include inlet Velocity (e.g., ref 

erence numeral 230), inlet flow temperature, and turbulence 
parameters (e.g., turbulent intensity, turbulent viscosity ratio, 
etc.). The thermal manikin body Surface parameter may be a 
thermal manikin body Surface temperature. The enclosure 
wall parameters may include wall temperature, and wall Sur 
face and material properties. The thermal manikin clothing 
parameters may include clothing thickness and cloth thermal 
conductivity. The outlet parameters may include outlet pres 
Sure (e.g., reference numeral 240), back flow total tempera 
ture, and back flow turbulence parameters (e.g., back flow 
turbulent intensity, back flow turbulent viscosity ratio, etc.). 

Further, a surface heat transfer coefficient (h) for each 
body part of the thermal manikin 220 is computed based on 
the obtained fluid flow and heat transfer parameters for each 
associated cell. In one embodiment, he for each body part is 
computed according to the formula: 

10 

15 

cal 25 

30 

where, q", is the total dry heat loss for each body part of 
the thermal manikin 220 in the uniform thermal environment, 
t is the surface temperature of the thermal manikin 220 in the 
uniform thermal environment, and t is the ambient air tem- 35 
perature inside the calibration enclosure 210. This he for 
each body part of the thermal manikin 220 in the calibration 
enclosure 210 is then used to compute an equivalent tempera 
ture (t) of each body part of one or more thermal manikins 
(e.g., the thermal manikins 320 and 330 of FIG. 3) in a 40 
non-uniform thermal environment (e.g., an environment in 
which thermal comfort is assessed). 

FIG. 3 illustrates a schematic diagram 300 of an enclosure 
310 including thermal manikins 320 and 330, according to an 
embodiment of the invention. Particularly, FIG. 3 shows the 45 
enclosure 310 including the thermal manikins 320 and 330 in 
a non-uniform thermal environment (e.g., the non-uniform 
thermal environment 110 of FIG. 1). For example, the enclo 
Sure 310 may be an actual enclosure, Such as an aircraft, a 
vehicle (e.g., automotive, train, etc.), or a building, exposed to 50 
non-uniform/actual environmental conditions. In one 
embodiment, a computational mesh for the enclosure 310 
including the thermal manikins 320 and 330 is formed by 
generating a plurality of cells, where each cell includes mul 
tiple nodes. For example, the computational mesh may be a 55 
2D computational mesh or a 3D computational mesh. The 
2D/3D computational mesh may be a structured, unstruc 
tured, or hybrid in type. It is appreciated that, the hybrid 
computational mesh is a combination of the structured com 
putational mesh and the unstructured computational mesh. 60 

Further, the thermal manikins 320 and 330 inside the enclo 
Sure 310 are segregated into various body parts Substantially 
simultaneously to the formation of the enclosure 310. In one 
embodiment, the segregation of the thermal manikins 320 and 
330 into various body parts is performed based on a desired 65 
thermal comfort resolution. Exemplary body parts of the ther 
mal manikins 320 and 330 may include lower left arm, lower 

6 
right arm, upper left arm, upper right arm, left calf, right calf. 
right thigh, left thigh, chest, face, left foot, right foot, left 
hand, and right hand. It is appreciated that the thermal mani 
kins 320 and 330 are exemplary embodiments of the thermal 
manikin 220 of FIG. 2. 

In some embodiments, a numerical analysis is performed 
on the computational mesh for obtaining fluid flow and heat 
transfer parameters for each cell of the enclosure 310. In these 
embodiments, the numerical analysis is performed based on a 
set of boundary conditions for the non-uniform thermal envi 
ronment. Exemplary parameters that define the set of bound 
ary conditions include inlet parameters, thermal manikin 
body Surface parameter, enclosure wall parameters, semi 
transparent wall parameters (in case semi transparent walls 
are present in the enclosure 310), thermal manikin clothing 
parameters and outlet parameters. 
The velocity inlet parameters may include inlet velocity, 

inlet flow temperature, and turbulence parameters (e.g., tur 
bulent intensity, turbulent viscosity ratio, etc.). The thermal 
manikin body Surface parameter may be a thermal manikin 
body Surface temperature. The enclosure wall parameters 
may includea wall temperature, and wall Surface and material 
properties. The semitransparent wallparameters may include 
semi transparent wall temperature, radiative properties of the 
wall, and direction and magnitude of solar flux incidence. The 
thermal manikin clothing parameters may include clothing 
thickness and cloth thermal conductivity. The outlet param 
eters may include outlet pressure, back flow total tempera 
ture, and back flow turbulence parameters (e.g., back flow 
turbulent intensity, back flow turbulent viscosity ratio, etc.). 

Further, a total heat flux (q") for each body part of the 
thermal manikins 320 and 330 is computed based on the 
obtained fluid flow and heat transfer parameters for each 
associated cell in the non-uniform thermal environment. In 
one embodiment, the total heatflux (q") for each body part of 
the thermal manikins 320 and 330 is computed according to 
the formula: 

where, his the fluid side local heat transfer coefficient, t, 
is the wall surface temperature, t, is the local fluid tempera 
ture, and q is the radiative heat flux. 

Then, tofeach body part of the thermal manikins 320 and 
330 in the non-uniform thermal environment is computed 
using the obtained associated hand the obtained associated 
q". In one embodiment, t of each body part of the thermal 
manikin 320 and 330 is computed according to the formula: 

where, t is the associated Surface temperature of the body 
part. 

Moreover, thermal comfort in the enclosure 310 having the 
non-uniform thermal environment is evaluated based on the 
each computed t In one exemplary implementation, the 
thermal comfort in the enclosure 310 is evaluated using the 
computed t, for each body part and a thermal comfort dia 
gram. The thermal comfort diagram may be based on inter 
national standards (ISO 14505-2) for the type of enclosure 
310 (e.g., an aircraft, a building, a vehicle and the like). 
Moreover, assessment of the thermal comfort in the enclosure 
310 using the thermal comfort diagram is discussed in greater 
detail in FIGS 4A and 4B. 
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FIGS. 4A and 4B illustrate an exemplary thermal comfort 
assessment of the enclosure 310 using thermal comfort dia 
grams for Solar load and no Solar load configurations for the 
enclosure 310. It is appreciated that, the thermal comfort 
diagrams 400 and 450 are formed using t limits associated 
with comfort Zone levels of each body part. 

Particularly, FIG. 4A illustrates assessment of thermal 
comfort when the enclosure 310 is exposed to solar irradia 
tion (e.g., solar load). As illustrated, the computed t of each 
body part is compared with t limits defined for the associ 
ated body part in the thermal comfort diagram 400. It can be 
seen in FIG. 4A that, the body parts, upper right arm, right 
calf, chest, right foot, and left hand lie outside the comfort 
Zone. As illustrated, the t, for the upper right arm, right calf, 
chest, and rightfootfalls above the too warm region while the 
t, for the left handlies below the too cold region. 

FIG. 4B illustrates assessment of thermal comfort when the 
enclosure 310 is not exposed to Solarirradiation (e.g., no Solar 
load). As illustrated, the computed t of each body part is 
compared with t limits defined for the associated body part 
in the thermal comfort diagram 450. It can be seen in FIG. 4B 
that, the computed t of all the body parts of the thermal 
manikins 320 and 330 is within the comfort Zone except the 
computed t of the upper left arm and the right foot. As 
illustrated, the t of the upper left arm is below the too cold 
region while the t of the right foot is above the too warm 
region. One skilled in the art will realize that the thermal 
comfort diagrams 400 and 450 provide a clear representation 
of a thermal state of an occupant inside an enclosure and can 
be efficiently used for assessing thermal comfort inside the 
enclosure 310. 

FIG. 5 illustrates a process flowchart 500 of an exemplary 
method of numerically evaluating thermal comfort inside an 
enclosure having a non-uniform thermal environment, 
according to an embodiment of the invention. In operation 
510, a numerical analysis is performed on a calibration enclo 
Sure including a thermal manikin in a uniform thermal envi 
ronment to obtain a surface heat transfer coefficient (h) for 
each body part of the thermal manikin. In one embodiment, 
the numerical analysis is performed based on a given set of 
boundary conditions for the uniform thermal environment 
using a numerical analysis tool. 

In operation 520, a numerical analysis is performed on an 
actual enclosure (e.g., building, aircraft, vehicle, etc.) includ 
ing one or more thermal manikins in the non-uniform thermal 
environment to obtain a total heatflux (d") for each body part 
of the one or more thermal manikins. In one embodiment, the 
numerical analysis is performed based on a set of boundary 
conditions for the non-uniform thermal environment using 
the numerical analysis tool. 

In operation 530, an equivalent temperature (t) of each 
body part of the one or more thermal manikins in the non 
uniform thermal environment is computed (e.g., using a 
numerical thermal comfort analysis module). In some 
embodiments, t, is computed based on the obtained associ 
ated h, the obtained associated q", and an associated Sur 
face temperature of the body part. In operation 540, thermal 
comfort in the enclosure is evaluated (e.g., using the numeri 
cal thermal comfort analysis module) based on each com 
puted te: 

FIG. 6 is a diagrammatic system view 600 of a data pro 
cessing system in which any of the embodiments disclosed 
herein may be performed, according to an embodiment of the 
invention. Particularly, the diagrammatic system view 600 of 
FIG. 6 illustrates a remote server 602 which includes a pro 
cessor 604 and memory 606, client devices 608, and a com 
puter network 610. The diagrammatic system view 600 also 
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8 
illustrates main memory 612, static memory 614, a bus 616, a 
video display 618, an alpha-numeric input device 620, a 
cursor control device 622, a drive unit 624, a signal generation 
device 626, a network interface device 628, a machine read 
able medium 630, a numerical analysis tool 632 (e.g., a mesh 
generator and finite Volume solver), and a numerical thermal 
comfort analysis module 634. 
The diagrammatic system view 600 may indicate a com 

puting device and/ora data processing system in which one or 
more operations disclosed herein are performed. The remote 
server 602 may be a server coupled to the client devices 608 
via the computer network 610. The remote server 602 may 
provide access to the numerical analysis tool 632 and the 
numerical thermal comfort analysis module 634 to the client 
devices 608 via the computer network 610. The processor 604 
may be a microprocessor, a state machine, an application 
specific integrated circuit, a field programmable gate array, 
etc. 

The memory 606 may be a non volatile memory that is 
temporarily configured to store a set of instructions associ 
ated with the numerical analysis tool 632 and the numerical 
thermal comfort analysis module 634. The client devices 608 
may be multiple computer devices coupled to the remote 
server 602 via the computer network 610 for numerically 
evaluating thermal comfort in an enclosure (e.g., the enclo 
sure 310 of FIG. 3) having a non-uniform thermal environ 
ment. The main memory 612 may be dynamic random access 
memory and/or primary memory. The static memory 614 may 
be a hard drive, a flash drive, and/or other memory associated 
with the data processing system. 
The bus 616 may be an interconnection between various 

circuits and/or structures of the data processing system. The 
video display 618 may provide graphical representation of 
information on the data processing system. The alpha-nu 
meric input device 620 may be a keypad, keyboard and/or any 
other input device of text. The cursor control device 622 may 
be a pointing device Such as a mouse. The drive unit 624 may 
be a hard drive, a storage system, and/or other longer term 
storage Subsystem. 
The signal generation device 626 may be a basic input/ 

output system (BIOS) and/or a functional operating system of 
the data processing system. The network interface device 628 
may perform interface functions (e.g., code conversion, pro 
tocol conversion, and/or buffering) required for communica 
tions to and from the network 610 between multiple client 
devices 608 and the remote server 602. The machine readable 
medium 630 may provide instructions (e.g., associated with 
the numerical analysis tool 632 and the numerical thermal 
comfort analysis module 634) on which any of the methods 
disclosed herein may be performed. The numerical analysis 
tool 632 and the numerical thermal comfort analysis module 
634 may provide Source code and/or data code to the proces 
sor 604 to enable any one or more operations disclosed 
herein. 

For example, a storage medium (e.g., the machine readable 
medium 630) has instructions, that when executed by a com 
puting platform (e.g., the processor 604), result in execution 
of a method for numerically evaluating thermal comfort in an 
enclosure having a non-uniform thermal environment (e.g., 
the enclosure 310 of FIG. 3). The method includes perform 
ing a numerical analysis on a calibration enclosure (e.g., the 
enclosure 210 of FIG. 2) including a thermal manikin (e.g., 
the thermal manikin 220 of FIG. 2) in a uniform thermal 
environment using the numerical analysis tool 632 to obtain a 
Surface heat transfer coefficient (h) for each body part of 
the thermal manikin. In one example embodiment, the ther 
mal manikin may include body parts segregated based on a 
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desired thermal comfort resolution. The method also includes 
performing a numerical analysis on an actual enclosure 
including one or more thermal manikins (e.g., the thermal 
manikins 320 and 330 of FIG. 3) in the non-uniform thermal 
environment using the numerical analysis tool 632 to obtain a 
total heat flux (q") for each body part of the one or more 
thermal manikins. 

The method further includes computing an equivalent tem 
perature (t) of each body part of the one or more thermal 
manikins in the non-uniform thermal environment based on 
the obtained associated h, the obtained associated q", and 
an associated Surface temperature of the body part using the 
numerical thermal comfort analysis module 634. Moreover, 
the method includes evaluating the thermal comfort in the 
enclosure based on each computed t, using the numerical 
thermal comfort analysis module 634. 

For performing the numerical analysis on the calibration 
enclosure, in one embodiment, the storage medium 630 may 
have instructions to generate a computational mesh (e.g., 2D 
or 3D) of the calibration enclosure including the thermal 
manikin in the uniform thermal environment using the 
numerical analysis tool 632. For example, the computational 
mesh may include a plurality of cells and each cell includes 
multiple nodes. 

Further, the storage medium 630 may have instructions to 
perform a numerical analysis on the generated computational 
mesh to obtain fluid flow and heat transfer parameters for 
each cell based on a given set of boundary conditions for the 
uniform thermal environment using the numerical analysis 
tool 632. The storage medium 630 may also have instructions 
to computeh, for each body part based on the obtained fluid 
flow and heat transfer parameters for each associated cell 
using the numerical analysis tool 632. 

Further, for performing the numerical analysis on the 
enclosure, the storage medium 630 may have instructions to 
generate a computational mesh of the enclosure including the 
one or more thermal manikins in the non-uniform thermal 
environment using the numerical analysis tool 632. For 
example, the computational mesh may include a plurality of 
cells and each cell includes multiple nodes. 
The storage medium 630 may also have instructions to 

perform a numerical analysis on the generated computational 
mesh to obtain fluid flow and heat transfer parameters for 
each cell based on a set of boundary conditions for the non 
uniform thermal environment using the numerical analysis 
tool 632. Further, the storage medium 630 may have instruc 
tions to compute q" for each body part of the one or more 
thermal manikins based on the obtained fluid flow and heat 
transfer parameters for each associated cell in the non-uni 
form thermal environment using the numerical analysis tool 
632. 

In accordance with the above described embodiments, one 
of the client devices 608 accesses the numerical analysis tool 
632 via the computer network 610. Further, the one of the 
client devices 608 performs the numerical analysis on the 
calibration enclosure including the thermal manikin in the 
uniform thermal environment to obtainh for each body part 
of the thermal manikin using the numerical analysis tool 632. 
Then, the one of the client devices 608 performs the numeri 
cal analysis on an actual enclosure including one or more 
thermal manikins in the non-uniform thermal environment to 
obtain q" for each body part of the one or more thermal 
manikins using the numerical analysis tool 632. 

The processor 604 then computes t of each body part of 
the one or more thermal manikins using the obtained associ 
ated h, the obtained associated q", and an associated Sur cal 

face temperature of the body part using the numerical thermal 
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10 
comfort analysis module 634. Based on each computed t 
the processor 604 evaluates thermal comfort in the actual 
enclosure using the numerical thermal comfort analysis mod 
ule 634. The processor 604 then displays results of evaluation 
of thermal comfort on a display device (e.g., the video display 
618) of the one of the client devices 608. 

In the one exemplary implementation, thermal comfort 
assessment in a cockpit of an aircraft having a non-uniform 
thermal environment is performed using the above-described 
systems and methods. For numerically evaluating thermal 
comfort inside the cockpit of the aircraft, the one of the client 
devices 608 generates a computational mesh of a calibration 
enclosure (e.g., the calibration enclosure 210 of FIG. 2) 
including a thermal manikin in a uniform thermal environ 
ment using the numerical analysis tool 632. Then, the one of 
the client devices 608 performs a numerical analysis on the 
generated computational mesh using the numerical analysis 
tool 632 to obtain fluid flow and heat transfer parameters for 
each cell of the computational mesh. Based on the obtained 
fluid flow and heat transfer parameters, the processor 604 
computes h, for each body part of the thermal manikin. 

Following this, the one of the client devices 608 generates 
a computational mesh of the cockpit of the aircraft having 
similar thermal manikins (e.g., pilots) using the numerical 
analysis tool 632. In one embodiment, the following is con 
sidered while generating the computational mesh: 

Surface mesh is sufficiently refined in regions such as 
inlets, sharp, corners, pilots and the like. 

Boundary layers are generated at all Surfaces to capture 
correct Y values (e.g., a non-dimensional wall distance 
for a wall-bounded flow). 

Volume mesh is refined in inlet jet regions. 
Then, the one of the client devices 608 performs a numeri 

cal analysis on the cockpit using the numerical analysis tool 
632 to obtain fluid flow and heat transfer parameters for each 
cell of the cockpit. In one embodiment, the numerical analy 
sis tool 632 performs the numerical analysis on the cockpit 
using a set of boundary conditions for the cockpit. Further, 
based on the obtained fluid flow and heat transfer parameters, 
the processor 604 computes q" for each body part of the 
thermal manikins using the numerical analysis tool 632. 

Subsequently, the processor 604 computest of each body 
part of the thermal manikins based on the obtained associated 
h, the obtained associated q" and an associated Surface 
temperature of the body part using the numerical thermal 
comfort analysis module 634. Then, the processor 604 evalu 
ates thermal comfort in the cockpit based on each computed 
t, using the numerical thermal comfort analysis module 634. 
The results of evaluation are then displayed to a user of the 
one the client devices 608. 

In various embodiments, the above-described technique 
has been validated by building numerical solutions to evalu 
ate thermal comfort in various types of enclosures under 
different environmental conditions. The above-described 
technique is appropriately sensitive to changes in the physical 
conditions. Further, the above-described technique is com 
pletely performed using numerical Solutions to reduce depen 
dency on experiments and the like. This helps speed-up devel 
opment cycle and reduce cost without compromising on the 
accuracy of determining thermal comfort in an enclosure. 
Furthermore, the above-described technique evaluates ther 
mal comfort by considering special variations along with the 
occupant's body to account for variations in the flow and 
thermal conditions on each body part. 

Although, the above-mentioned embodiments are 
described with respect to a numerical analysis tool to generate 
a computational mesh and perform numerical analysis on an 
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enclosure, one can envision that, the computational mesh can 
be generated separately using a mesh generation tool (e.g., 
Hypermesh R) and the numerical analysis is performed sepa 
rately using any numerical analysis tool (e.g., Fluent(R). 

In addition, it will be appreciated that the various opera 
tions, processes, and methods disclosed herein may be 
embodied in a machine-readable medium and/or a machine 
accessible medium compatible with a data processing system 
(e.g., a computer system), and may be performed in any order 
(e.g., including using means for achieving the various opera 
tions). Accordingly, the specification and drawings are to be 
regarded in an illustrative rather than a restrictive sense. 

What is claimed is: 
1. A method, implemented in a computing device, for 

numerically evaluating thermal comfort in an actual enclo 
Sure having a non-uniform thermal environment, comprising: 

performing a numerical analysis on a calibration enclosure 
including a thermal manikin in a uniform thermal envi 
ronment based on a given set of boundary conditions for 
the uniform thermal environment; 

performing a numerical analysis on the actual enclosure 
including one or more thermal manikins in the non 
uniform thermal environment based on a set of boundary 
conditions for the non-uniform thermal environment; 

computing an equivalent temperature (t) of each body 
part of the one or more thermal manikins in the non 
uniform thermal environment based on the numerical 
analysis performed in the uniform thermal environment, 
non-uniform thermal environment, and Surface tempera 
ture of each body part; and 

evaluating the thermal comfort in the actual enclosure 
based on each computed t, using a numerical thermal 
comfort analysis module, wherein parameters that 
define the set of boundary conditions for the uniform 
thermal environment and the non-uniform thermal envi 
ronment are selected from the group consisting of inlet 
parameters, thermal manikin body Surface parameter, 
enclosure wallparameters, semitransparent wallparam 
eters, thermal manikin clothing parameters and outlet 
parameters. 

2. The method of claim 1, wherein performing the numeri 
cal analysis on the calibration enclosure including the thermal 
manikin in the uniform thermal environment based on the 
given set of boundary conditions, comprises: 

generating a computational mesh of the calibration enclo 
Sure including the thermal manikin in the uniform ther 
mal environment using a numerical analysis tool in the 
computing device and wherein the computational mesh 
includes a plurality of cells and each cell includes mul 
tiple nodes, wherein the thermal manikin includes body 
parts segregated based on a desired thermal comfort 
resolution; 

performing a numerical analysis on the generated compu 
tational mesh to obtain fluid flow and heat transfer 
parameters for each cell based on the given boundary 
conditions for the uniform thermal environment using 
the numerical analysis tool; and 

computing a surface heat transfer coefficient (h) for each 
body part based on the obtained fluid flow and heat 
transfer parameters for each cell using the numerical 
analysis tool. 

3. The method of claim 2, wherein performing the numeri 
cal analysis on the actual enclosure including the one or more 
thermal manikins in the non-uniform thermal environment 
based on the set of boundary conditions for the non-uniform 
thermal environment, comprises: 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
generating a computational mesh of the actual enclosure 

including the one or more thermal manikins in the non 
uniform thermal environment using the numerical 
analysis tool and wherein the computational mesh 
includes a plurality of cells and each cell includes mul 
tiple nodes; 

performing a numerical analysis on the generated compu 
tational mesh to obtain fluid flow and heat transfer 
parameters for each cell based on the set of boundary 
conditions for the non-uniform thermal environment 
using the numerical analysis tool; and 

computing a total heat flux (q") for each body part of the 
one or more thermal manikins based on the obtained 
fluid flow and heat transfer parameters for each cell in 
the non-uniform thermal environment using the numeri 
cal analysis tool. 

4. The method of claim 3, wherein computing the equiva 
lent temperature (t) of each body part of the one or more 
thermal manikins in the non-uniform thermal environment 
comprises: 

computing the equivalent temperature (t) of each body 
part of the one or more thermal manikins in the non 
uniform thermal environment based on the computed 
h, the computed q", and an associated Surface tem 
perature of the body part using the numerical thermal 
comfort analysis module in the computing device. 

5. The method of claim 4, wherein the computational mesh 
is selected from the group consisting of 2D computational 
mesh and 3D computational mesh. 

6. The method of claim 4, wherein the computational mesh 
is selected from the group consisting of structured, unstruc 
tured, and hybrid. 

7. The method of claim 1, wherein the actual enclosure is 
selected from the group consisting of a building, a vehicle, 
and an aircraft. 

8. The method of claim 1, wherein the inlet parameters are 
selected from the group consisting of inlet Velocity, inlet flow 
temperature, and turbulence parameters. 

9. The method of claim 1, wherein the outlet parameters are 
selected from the group consisting of outlet pressure, back 
flow total temperature, and back flow turbulence parameters. 

10. The method of claim 1, wherein the enclosure wall 
parameters comprises a wall temperature, and wall Surface 
and material properties. 

11. The method of claim 1, wherein the semi transparent 
wall parameters are selected from the group consisting of 
semi transparent wall temperature, radiative properties of 
wall, and direction and magnitude of Solar flux incidence. 

12. The method of claim 1, wherein the thermal manikin 
body Surface parameter is a thermal manikin body Surface 
temperature. 

13. The method of claim 1, wherein the thermal manikin 
clothing parameters are selected from the group consisting of 
clothing thickness and cloth thermal conductivity. 

14. A system for numerically evaluating thermal comfortin 
an actual enclosure having a non-uniform thermal environ 
ment, comprising: 

multiple client devices; 
a computer network; and 
a remote server coupled to the multiple client devices via 

the computer network, wherein the remote server com 
prises: 
a processor, and 
memory, wherein the memory includes a numerical 

analysis tool and a numerical thermal comfort analy 
sis module, wherein one of the client devices accesses 
the numerical analysis tool via the computer network 
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and performs a numerical analysis on a calibration 
enclosure including a thermal manikin in a uniform 
thermal environment using a given set of boundary 
conditions for the uniform thermal environment to 
obtain a surface heat transfer coefficient (h) for 
each body part of the thermal manikin, wherein the 
one of the client devices using the numerical analysis 
tool further performs a numerical analysis on the 
actual enclosure including one or more thermal mani 
kins in the non-uniform thermal environment using a 
set of boundary conditions for the non-uniform ther 
mal environment to obtain a total heat flux (q") for 
each body part of the one or more thermal manikins, 
wherein the processor using the numerical thermal 
comfort analysis module computes an equivalent 
temperature (t) of each body part of the one or more 
thermal manikins in the non-uniform thermal envi 
ronment using the obtained h, the obtained q", and 
an associated Surface temperature of the body part, 
and wherein the processor using the numerical ther 
mal comfort analysis module evaluates the thermal 
comfort in the actual enclosure based on each com 

puted t, and outputs results of the evaluation on a 
display device of the one of the client devices. 

15. The system of claim 14, wherein performing the 
numerical analysis on the calibration enclosure including the 
thermal manikin in the uniform thermal environment based 
on the given set of boundary conditions, comprises: 

generating a computational mesh of the calibration enclo 
Sure including the thermal manikin in the uniform ther 
mal environment using the numerical analysis tool and 
wherein the computational mesh includes a plurality of 
cells and each cell includes multiple nodes, wherein the 
thermal manikin includes body parts segregated based 
on a desired thermal comfort resolution; 

performing a numerical analysis on the generated compu 
tational mesh to obtain fluid flow and heat transfer 
parameters for each cell based on the given set of bound 
ary conditions for the uniform thermal environment 
using the numerical analysis tool; and 

computing the Surface heat transfer coefficient (h) for 
each body part based on the obtained fluid flow and heat 
transfer parameters for each cell using the numerical 
analysis tool. 

16. The system of claim 14, wherein performing the 
numerical analysis on the actual enclosure including the one 
or more thermal manikins in the non-uniform thermal envi 
ronment based on the set of boundary conditions for the 
non-uniform thermal environment, comprises: 

generating a computational mesh of the actual enclosure 
including the one or more thermal manikins in the non 
uniform thermal environment using the numerical 
analysis tool and wherein the computational mesh 
includes a plurality of cells and each cell includes mul 
tiple nodes; 

performing a numerical analysis on the generated compu 
tational mesh to obtain fluid flow and heat transfer 
parameters for each cell based on the set of boundary 
conditions for the non-uniform thermal environment 
using the numerical analysis tool; and 

computing the total heatflux (d") for each body part of the 
one or more thermal manikins based on the obtained 
fluid flow and heat transfer parameters for each cell in 
the non-uniform thermal environment using the numeri 
cal analysis tool. 
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14 
17. The system of claim 16, wherein the actual enclosure is 

selected from the group consisting of a building, a vehicle, 
and an aircraft. 

18. An article, comprising: 
a storage medium having instructions, that when executed 
by a computing device, result in execution of a method 
for numerically evaluating thermal comfort in an actual 
enclosure having a non-uniform thermal environment, 
comprising: 
performing a numerical analysis on a calibration enclo 

Sure including athermal manikin in a uniform thermal 
environment based on a given set of boundary condi 
tions for the uniform thermal environment using a 
numerical analysis tool in the computing device to 
obtain a Surface heat transfer coefficient (h) for 
each body part of the thermal manikin; 

performing a numerical analysis on the actual enclosure 
including one or more thermal manikins in the non 
uniform thermal environment based on a set of bound 
ary conditions for the non-uniform thermal environ 
ment using the numerical analysis tool to obtain a 
total heat flux (q") for each body part of the one or 
more thermal manikins; 

computing an equivalent temperature (t) of each body 
part of the one or more thermal manikins in the non 
uniform thermal environment based on the obtained 
h, the obtained q", and an associated Surface tem 
perature of the body part using a numerical thermal 
comfort analysis module in the computing device; 
and 

evaluating the thermal comfort in the actual enclosure 
based on each computedt, using the numerical ther 
mal comfort analysis module. 

19. The article of claim 18, wherein performing the 
numerical analysis on the calibration enclosure including the 
thermal manikin in the uniform thermal environment based 
on the given set of boundary conditions, comprises: 

generating a computational mesh of the calibration enclo 
Sure including the thermal manikin in the uniform ther 
mal environment using the numerical analysis tool and 
wherein the computational mesh includes a plurality of 
cells and each cell includes multiple nodes, wherein the 
thermal manikin includes body parts segregated based 
on a desired thermal comfort resolution; 

performing a numerical analysis on the generated compu 
tational mesh to obtain fluid flow and heat transfer 
parameters for each cell based on the given set of bound 
ary conditions for the uniform thermal environment 
using the numerical analysis tool; and 

computing the Surface heat transfer coefficient (h) for 
each body part based on the obtained fluid flow and heat 
transfer parameters for each cell using the numerical 
analysis tool. 

20. The article of claim 18, wherein performing the 
numerical analysis on the actual enclosure including the one 
or more thermal manikins in the non-uniform thermal envi 
ronment based on the set of boundary conditions for the 
non-uniform thermal environment, comprises: 

generating a computational mesh of the actual enclosure 
including the one or more thermal manikins in the non 
uniform thermal environment using the numerical 
analysis tool and wherein the computational mesh 
includes a plurality of cells and each cell includes mul 
tiple nodes; 

performing a numerical analysis on the generated compu 
tational mesh to obtain fluid flow and heat transfer 
parameters for each cell based on the set of boundary 
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conditions for the non-uniform thermal environment mal environment using the numerical analysis tool and 
using the numerical analysis tool; and wherein the computational mesh includes a plurality of 

computing the total heat flux (q") for each body part of the cells and each cell includes multiple nodes, wherein the 
one or more thermal manikins based on the obtained thermal manikin includes body parts segregated based 
fluid flow and heat transfer parameters for each cell in 5 on a desired thermal comfort resolution; 
the non-uniform thermal environment using the numeri- performing a numerical analysis on the generated compu 

tational mesh to obtain fluid flow and heat transfer 
parameters for each cell based on the given boundary 
conditions for the uniform thermal environment using 

10 the numerical analysis tool; and 
computing the Surface heat transfer coefficient (h) for 

each body part based on the obtained fluid flow and heat 
transfer parameters for each cell using the numerical 
analysis tool. 

15 23. The method of claim 21, wherein performing the 
numerical analysis on the actual enclosure including the one 
or more thermal manikins in the non-uniform thermal envi 
ronment based on the set of boundary conditions for the 
non-uniform thermal environment, comprises: 

20 generating a computational mesh of the actual enclosure 
including the one or more thermal manikins in the non 
uniform thermal environment using the numerical 
analysis tool and wherein the computational mesh 
includes a plurality of cells and each cell includes mul 

25 tiple nodes; 
performing a numerical analysis on the generated compu 

tational mesh to obtain fluid flow and heat transfer 

cal analysis tool. 
21. A method, implemented in a computing device, for 

numerically evaluating thermal comfort in an actual enclo 
Sure having a non-uniform thermal environment, comprising: 

performing a numerical analysis on a calibration enclosure 
including a thermal manikin in a uniform thermal envi 
ronment based on a given set of boundary conditions for 
the uniform thermal environment using a numerical 
analysis tool in the computing device to obtain a Surface 
heat transfer coefficient (h) for each body part of the 
thermal manikin; 

performing a numerical analysis on the actual enclosure 
including one or more thermal manikins in the non 
uniform thermal environment based on a set of boundary 
conditions for the non-uniform thermal environment 
using the numerical analysis tool to obtain a total heat 
flux (q") for each body part of the one or more thermal 
manikins; 

computing an equivalent temperature (t) of each body 
part of the one or more thermal manikins in the non 
uniform thermal environment based on the obtainedh 
the obtained q", and an associated Surface temperature parameters for each cell based on the set of boundary 
of the bod ar using a numerical thermal comfort conditions for the non-uniform thermal environment 

y p 9. 30 using the numerical analysis tool; and manikins based analysis module in the computing device; and 
evaluating the thermal comfort in the actual enclosure by 

comparing each computed t, with a thermal comfort 
diagram using the numerical thermal comfort analysis 
module, wherein the thermal comfort diagram is formed 
using t limits associated with comfort Zone levels of 
each body part. 

22. The method of claim 21, wherein performing the 
numerical analysis on the calibration enclosure including the 
thermal manikin in the uniform thermal environment based 
on the given set of boundary conditions, comprises: 

generating a computational mesh of the calibration enclo 
Sure including the thermal manikin in the uniform ther- k . . . . 

on the obtained fluid flow and heat transfer parameters 
for each cell in 

computing the total heat flux (q") for each body part of the 
one or more thermal the non-uniform thermal environ 

35 ment using the numerical analysis tool. 
24. The method of claim 21, wherein the thermal comfort 

diagram is based on international standards for a type of the 
actual enclosure. 

25. The method of claim 24, wherein the type of the actual 
40 enclosure is selected from the group consisting of a building, 

a vehicle, and an aircraft. 


